In this paper we show that the orthorhombic phase of FeSi 2 ͑stable at room temperature͒ displays a sizable anisotropy in the infrared spectra, with minor effects in the Raman data too. This fact is not trivial at all, since the crystal structure corresponds to a moderate distortion of the fluorite symmetry. Our analysis is carried out on small single crystals grown by flux transport, through polarization-resolved far-infrared reflectivity and Raman measurements. Their interpretation has been obtained by means of the simulated spectra with tightbinding molecular dynamics. ͓S0163-1829͑97͒05418-0͔
I. INTRODUCTION
FeSi 2 is a very interesting material from the fundamental point of view, since it displays several metallic phases in the epitaxial configuration ͑pseudomorphism͒, whereas the room-temperature bulk stable structure is surprisingly semiconducting. The latter, orthorhombic ␤-FeSi 2 , is originated by a moderate distortion of the fluorite metallic phase. 1 This feature has raised strong technological interest in the last few years, since a direct energy gap as large as 0.85 eV was found at room temperature, matching quite well the transmission window of SiO 2 optical fibers at 1.55 m. 2 The possibility to grow epitaxial ␤-FeSi 2 films on both ͑111͒ and ͑001͒ Si substrates discloses interesting perspectives in the fabrication of optoelectronic devices and infrared detectors compatible with silicon technology. [3] [4] [5] [6] Anyway, in spite of such promising features and of the large efforts spent in improving the quality of the films, neither efficient luminescence nor photoconductivity occurs, the lattice matching with the silicon substrate is rather bad, and the carrier mobilities measured on thin films seem to be lower than expected. 6 Very recently, however, some luminescence has been successfully measured in ion-beam-synthetized samples, 7 whereas larger mobilities ͑up to 60 times larger than in films͒ and low-temperature photoconductivity were observed in single-crystalline specimens. 8 Furthermore, theoretical studies emphasized that if an indirect gap is present in the equilibrium configuration, slightly smaller than the direct one, 9 the situation may be reversed by the presence of strain, due to the large coupling between the electronic bands and the lattice distortions. 10 Therefore, it is clear that a better understanding of ␤-FeSi 2 single crystals is necessary in order to assess the intrinsic properties and to share the new effects induced by the epitaxial configuration. This was a difficult target up to a few years ago, since it was not possible to grow suitable ␤-FeSi 2 single crystals by ordinary methods, due to the occurrence of Si precipitates, originated by the substoichiometry in iron of the high-temperature phase, ␣-FeSi 2 , straightforwardly obtained from the melt. Anyway, small single crystals can be synthetized by the flux transport method. Then, since the vibrational spectroscopy is particularly sensitive to stress and anisotropy effects, it is worthwhile to get polarization-resolved spectra from these samples and to compare the results with the epitaxial case. Actually, the dependence of phonon spectra on crystal orientation, thickness, growth, and annealing temperature has already been investigated on ␤-FeSi 2 epitaxial films grown by molecular beam epitaxy ͑MBE͒ on ͑111͒ and ͑001͒ Si substrates by using Fourier transform infrared ͑FTIR͒ reflectance and transmittance. 11 Anisotropic effects in Raman measurements on films or polycrystalline samples have been reported too.
Therefore, the identification of the typical spectral features in the optical response for each crystallographic direction would allow a better discrimination among the different physical effects affecting the spectra and a more precise morphological and elastic characterization of thin films.
In this paper we report the experimental results of farinfrared ͑FIR͒ reflectivity and Raman measurements with polarized light on small single-crystalline specimens obtained by flux growth. The vibrational properties have been investigated in the frequency range 100-700 cm
Ϫ1
, and we found remarkable differences between the IR spectra taken at different polarizations with respect to the crystal axis. Actually, a clear understanding of such complex spectra may arise just on the basis of the comparison to model predictions. Due to the large number of atoms per unit cell, the calculation of the vibrational modes cannot be accomplished by the usual methods of lattice dynamics, since the estimation of the force constant matrix for such a large low-symmetry unit cell becomes prohibitively cumbersome. This is the reason we adopt an alternative strategy in the calculation of the IR and Raman spectra for large structures, i.e., the evaluation of suitable autocorrelation functions during the molecular dynamics evolution of a well-equilibrated sample. The results have also been interpreted on the basis of the experimental spectra for the cubic fluorite structure ͑typical of ␥-FeSi 2 and of stable CoSi 2 and NiSi 2 ͒, taking into account the structural distortion in passing to the ␤-FeSi 2 phase.
II. CRYSTAL STRUCTURE AND SAMPLE PREPARATION
The conventional orthorhombic cell of ␤-FeSi 2 ͑a ϭ0.9863 nm, bϭ0.7791 nm, and cϭ0.7833 nm͒ ͑Ref. 13͒ contains 48 atoms ͑16 formula units͒ and is generated by a cooperative Jahn-Teller distortion of the fluorite structure. The latter can be easily figured out by considering the deformation of the tetragonal nucleus of a cubic supercell made up by 8 fcc units, where a is twice the fcc edge along x and bϭc are the diagonals of the fcc square faces: a gets shorter, and b and c increase by slightly different amounts. Actually, the space group is D 2h 18 , which corresponds to the primitive cell of 24 atoms with two Bravais sites in the orthorhombic base-centered cell, but a useful comparison to the fluorite structure is obtained by looking at the conventional orthorhombic cell. In Fig. 1 we report a threedimensional ͑3D͒ view of it which points out the relevant aspects of the atomic displacements. The variation of first neighbor distances and bond angles is not dramatic: still, relevant changes in the secondary coordination occur, as displayed in Figs. 2 and 3. Flux transport growth generates thin crystalline needles and plaquets: the latter display a definite growth orientation with b and c axes in the basal plane and the a axis perpendicular to it, as evidenced by x-ray diffraction ͑XRD͒. The needles, on the contrary, show the a axis perpendicular to the needle axis, but b and c can both occur along this direction. Actually, for the latter case only the a posteriori comparison of the optical spectra to the complementary ones of the plaquets and the simulated spectra can resolve this partial ambiguity.
The crystals were grown in closed ampoules using iodine as the transporting gas. The iodine concentration was 4 mg I 2 /cm 3 . The ampoule was placed in a temperature gradient between 950 and 680°C. Crystals grew at the colder part of the ampoule, at a temperature of about 680°C, after about 72 h. A single-crystalline plaquet with a natural smooth and shining surface of about 2ϫ3 mm 2 ͑perpendicu-lar to the a axis͒ and needlelike specimens with an average size of about 0.2ϫ0.2ϫ3 mm 3 were used for the optical characterization. A certain amount of impurities, particularly of chromium, is anyway present in the samples at a concentration of 10 18 cm
Ϫ3
, as determined by electron paramagnetic resonance ͑EPR͒. All samples are p type, and their electrical characterization ͑conductivity and Hall͒ gives the values of hole concentration (1ϫ10 18 cm
) and mobility (20 cm 2 /V s).
III. OPTICAL CHARACTERIZATION

A. IR measurements
Recent band-structure calculations predicted a small anisotropy in the electronic properties between the a axis and the other ones, 14 but we will see that in the IR spectra a sizable anisotropy between the b and c axes is found too. Far infrared reflectance was measured using a Fourier transform spectrometer ͑model Bruker IFS 113v͒. A gold mirror was used as a reference. The measurements on the plaquet were performed with light polarized along the crystallographic b and c axes and gave the spectra shown in Fig.  4͑a͒ .
In contrast to what is expected, a clear anisotropy can be noticed. Actually, the crystallographic configuration along the two directions is quite different, as evidenced in Fig.  1͑b͒ . It is then reasonable to find slightly different frequencies for the lattice vibrations along the two directions, due to their higher sensitivity to the structural configuration with respect to the electronic properties.
In order to obtain the complex dielectric function () ϭ 1 ()ϩi 2 () and the absorption coefficient, KramersKronig transformation of the reflectivity data has been done. A constant-reflectivity tail at the lowest as well at the highest frequencies was used, and attention was paid that the extension of the tails does not affect the results. Figures 4͑b͒ and 4͑c͒ report the dielectric function so obtained. A more complex procedure was necessary for the needlelike samples. Since the long (a) crystallographic axis lies perpendicular to the needle length, we investigated several facets on different samples using a spectroscopic ellipsometer in the visible-wavelength range equipped with a micro focusing system. In this way we selected the surfaces which exhibit an anisotropic optical response.
No spectral changes have been observed if one is measuring a single specimen or a collection of samples aligned in the same direction; then, we can reasonably exclude spurious effects related to the small size of samples and assume that their response is quite similar. Therefore, in order to increase the signal intensity, we used for the IR measurements a collection of several samples aligned one beside the other and glued together. The pellet of glue and samples so obtained was then polished with diamond powder in order to obtain a flat surface with the maximum area of exposed samples. The reflectance of such a pellet was measured with polarized light. The contribution of the glue to the signal was observed to be negligible since the glue reflectance was below the detection sensitivity of our instrument. In order to improve the signal-to-noise ratio a large number ͑15 000͒ of scans was taken during the measurements. The samples were measured with the long axis parallel to the polarization and successively rotated by 90°in order to measure the response with the axis perpendicular to the polarization. The results obtained for the two orientations are shown in Fig. 5͑a͒ .
The reflectance measured for the polarization parallel to the needles resulted in being very similar to the reflectance obtained for a well-oriented sample with the surface perpendicular to the a axis 11 ͑see below͒. Then, the reflectance data so obtained have been scaled on the reflectance of the film, in order to normalize the intensity to the surface area of the sample, and Kramers-Kronig transformed in order to obtain the complex dielectric function ͓Figs. 5͑b͒ and 5͑c͔͒. A clear anisotropy can be noticed in the IR measurements. The scheme of structures in the IR spectra of 2 is similar for the three different polarizations corresponding to the three crystallographic axes, but the position of the peaks and, in some cases, their relative intensity are different. The first peak at the lowest frequencies is observed at 267 cm Ϫ1 for the a direction, at 275 cm Ϫ1 for the c axis, and at 293 for the b axis. The main feature observed in all the spectra is also shifted passing from 303 cm Ϫ1 ͑c axis͒, to 311 cm Ϫ1 ͑a axis͒, and 324 cm Ϫ1 ͑b axis͒. A structure at about 345 cm Ϫ1 in the spectrum corresponding to E ʈ a is slightly shifted to higher frequencies for E ʈ b and E ʈ c. Finally, the broad and relatively strong structure noticeable at about 430 cm Ϫ1 in the b-and c-axis spectra is almost suppressed in the spectrum related to the a axis.
B. Raman measurements
Raman spectra were excited by COHERENT argon-ion laser model Innova 100-15 and recorded by a computerized triple-stage ͑additive͒ monochromator DILOR model Z 24. The laser was operating at 514.5 nm wavelength in a lightstabilizing mode, and the incident power on the sample was kept about 100 mW. The light beam was focused on the sample in a 50-m-diam spot. A 90°scattering geometry was used, with sample surface placed at a near-grazing angle (Ϸ75°). Needlelike samples were oriented with the long axis perpendicular to the scattering plane. The incident light was polarized along a direction perpendicular or parallel to the scattering plane. Scattered light was not analyzed using a polarizer and polarization scrambler due to a very low Raman signal intensity. Spectra were recorded using a spectral slit width of 3 cm Ϫ1 in the sequential mode with the step size of 1 cm
Ϫ1
. Additional improvement of the signal-to-noise ratio was obtained collecting several spectra over the same interval.
Problems arose in measuring the plaquet because of its very low thickness ͑a few tens of m͒ and the consequent thermal instability. Then the corresponding spectra have a poor quality, but anyway sufficient to extract some information.
The spectra obtained for the polarization along the b and c axes ͑plaquet͒ or parallel and perpendicular to the needle axis are shown in Fig. 6 . The main result concerning b and c directions is the huge enhancement of the main peak at 250 cm Ϫ1 when E ʈ c with respect to the spectrum corresponding to E ʈ b. Analogous behavior is shown by the structure at 190 cm
. A structure typical of the b direction seems to emerge at about 280 cm
. No large differences can be noticed in the spectra of the needle sample where combinations of b, c, and, possibly, a axes have to be taken into account.
At about 270 cm Ϫ1 a structure is enhanced when light is polarized perpendicular to the needle with respect to the spectrum corresponding to E ʈ needle, whereas the situation is reversed at 340 cm
. A small, but defined peak at about 300 cm Ϫ1 is only present for the polarization perpendicular to the needle ͑this is the only direction containing the a axis͒. At the highest frequencies relatively small and broad peaks can be observed in the spectra.
IV. SIMULATIONS
The basic idea is that each atomic displacement can be represented by the superposition of the normal modes ͑phonons͒ in the crystal, so that the spectral features are naturally included in the time evolution of the system. Therefore it is possible to obtain the vibrational density of states and the absorption and Raman scattering spectra by Fourier transforming from time to frequency the autocorrelation functions of the atomic velocity, the derivative of the cell dipole moment and polarizability, respectively: In order to obtain the evolution with time of the system, we integrate the equations of motion for each atom in the simulation cell, and in turn we need the interatomic forces from a suitable potential. The latter is obtained by a semiempirical scheme which we have successfully used for the interpretation of the stability hierarchy in FeSi 2 , 1 FeSi, and CoSi ͑Ref. 15͒ epitaxial phases. It is grounded on the partition of the total energy into an attractive part E bs , originated by a summation over occupied tight-binding ͑TB͒ states n,k ͑n is the band index and k is the wave vector͒, and a repulsive contribution E rep , which is generated by the summation of one short-range, two-body potential (r i j ) on the relevant shell of neighbors ( j):
E bs is negative and takes into account the electronic features, as provided by a Slater-Koster ͑SK͒ parametrization of the TB matrix 16 involving s and p orbitals for silicon and s, p, and d ones for iron. In the case of tight-binding molecular dynamics the diagonal ͑onsite͒ elements are kept frozen, but the hopping elements between neighboring atoms change according to the director cosines and the modulus of r i j . 16 In particular, the radial part of the SK parameters scales with the interatomic distance r i j following the Harrison rule in the case of molecular-dynamics simulations it is compulsory to operate a smooth cutoff of the interactions within the global cutoff radius imposed by the size of the simulation cell. Therefore we multiplied both H l,l Ј ,m (r) and the repulsive interactions (r) by
where r c ϩw is the cutoff radius. In fact, below rϭr c Ϫw the cutoff function is set to 1 and above rϭr c ϩw it is 0. Here we just mention that small differences in the equilibrium positions of the atoms in the ͑fixed͒ orthorhombic cell may arise depending on the cutoff radius for the interactions, which is 3.2-3.3 Å in our case. This, in turn, may change the degeneracy of some peaks, as due to a symmetry lowering mostly affecting the secondary coordination of silicon sites.
The repulsive term phenomenologically represents the quantum-mechanical interaction between occupied orbitals, and the summation of (r i j ) is extended as for the TB elements. We have chosen a simple two-body form with a power-law dependence on the interatomic distance:
which, however, discriminates the metallic pairs from the silicon ones with different i j and m, whereas a suitable average is taken in the Si-Fe case. 10 The relevant set of parameters has been already published in Ref. 10 , but for the absence of the cutoff function, where total energy calculations for FeSi 2 are reported.
The forces entering the molecular-dynamics simulation are calculated by a straightforward derivative of the repulsive potential and a Hellman-Feynman estimation of the attractive part, retaining only kϭ0 terms,
͗n,k͉H͉n,k͘, where i and ␣ label the atom and Cartesian component, respectively, f is the Fermi function, and H is the total TB element, cutoff function included.
The simulations have been performed for a nonprimitive orthorhombic cell containing 48 atoms, with periodic boundary conditions. Actually, the primitive choice would correspond to 24 atoms in a one-face-centered orthorhombic cell, but the necessity to have a cutoff sphere totally included in the simulation cell prevented us from reducing the cell size. So our vibrational spectra include folded modes not pertaining to the primitive cell, but the IR and Raman spectra should correspond to the experimental ones at the ⌫ point for symmetry reasons, as far as the equilibrium positions in the simulated sample actually give rise to a D 2h 18 space group. Time evolution of the system is obtained by integrating the Newton equations with a velocity-Verlet algorithm and a time step as large as 1 fs, which allows for an energy conservation during constant energy ͑nve͒ microcanonic runs as good as 1/10 000. We have performed two simulations with slightly different cutoff parameters ͑r c ϭ3.1 Å, w ϭ0.1 Å and r c ϭ3.15 Å, wϭ0.15 Å͒ by taking the experimental structure, heating it up to 100 K during a constant temperature ͑nvt͒ canonic run of 1000 where the velocities have been continuously rescaled. Then we performed an nve run as long as 30 000 , where the collection of data ͑posi-tions and velocities in the cell͒ has been possible as the sample resulted in being well equilibrated. Actually, we stored i ␣ , ␣ , ṗ ␣␤ every 10, which means that our sampling of the lowest frequency (250 cm ). The derivative of the dipole moment in the simulation cell is obtained by weighting all the atomic velocities with the static charges for the equilibrium configuration ͑FeХϪ2e, SiХe, probably an overestimation due to the tight-binding scheme͒. The derivative of the cell polarizability, on the other hand, is calculated in the framework of the bond polarizability model, where only first-neighbor bonds between Fe and Si are considered. The latter contribute to the total polarizability by a parallel component ␣ ʈ and a perpendicular one ␣ Ќ , which depend on the bond length. Symmetric and antisymmetric contributions can be constructed in order to simplify the final expression of the Raman tensor and the identification of the leading term
The time derivative of the cell polarizability is obtained by deriving a sum of bond polarizabilities, which are expanded in terms of atomic displacements: p ␣␤ Ј is finally obtained as the sum of three terms, proportional to d␣ s /dr, d␣ a /dr, and ␣ a , respectively. 19 No one of the latter is known, even qualitatively; still, by estimating the Raman spectra at any incoming-outgoing polarization for each term separately, we found that the first one gives rise to no anisotropy at all and that only the third term gives Raman spectra which are in agreement with the experimental findings. Therefore we concluded that d␣ s /dr and d␣ a /dr are negligibly small.
The identification of the character pertaining to the different features has been done by performing the same simulations described above with iron and silicon masses multiplied by 100, alternatively. In this way a simulated isotopic shift is produced and we have been able to share which peaks involve iron movement only, which ones involve just silicon displacements, and which ones are produced by both. Obviously, this is not a real symmetry analysis of the character, but still it helps in the interpretation of the spectra and points out the flexibility of the simulation method in addressing complex structures.
It is understood that our results can be taken as a qualitative indication of the occurring trends from one polarization to the other, since several approximations in the model may affect both the intensity and position of the peaks. For what concerns the dynamics, the scaling laws with interatomic distance and the central character of the repulsive potential are not checked to elastic or optical data, and only the a posteriori agreement to the experimental frequencies ͑as in our case͒ may indicate that a fitting on lattice parameters and bulk modula is really sufficient. Moreover, the IR and Raman spectra are mediated by dielectric models, which may contain few approximations and several parameters, as for the case of the bond polarizability model. This is true even in the case of the IR spectra, where the effective charges entering the dipole moments are not consistently calculated at each time step. They are fixed and taken as the total charge provided by the tight-binding occupation number at equilibrium. Still, this is the only way to avoid misdefinition of the cell polarization due to charge flow across the cell boundary ͑otherwise a Barry phase approach is necessary͒. Actually, we did not include the Coulombic restoring forces provided by longitudinal charge displacements to our dynamics, still, we think that it does not affect either IR or Raman spectra. Finally, the limited range of the interaction ͑within the cutoff radius͒ leaves out part of Fe-Fe third-neighbor couplings, so that an underestimation of the modes involving counterphase motion of them is very likely.
V. RESULTS AND DISCUSSION
As we see from Figs. 1-3, the structural deformation from fluorite to the ␤ phase is characterized by a distortion of the cubic cage of first-neighbor silicon atoms around the metal sites and by a sizable change in the coordination of second and third neighbors. This explains the more than eightfold increase in volume of the primitive cell and the corresponding folding of the Brillouin zone. Therefore the interpretation of both Infrared and Raman modes can be roughly done in terms of the spectral features in the fluorite structure, both at the zone center ͑intra-formula-unit modes͒ and outside it ͑folded modes or the inter-formula-unit modes͒. Actually, there are no experimental data for fluorite FeSi 2 , since it is not bulk stable and the epitaxial films are too thin. However, comparison of the existing experimental and theoretical data for fluorite CoSi 2 is very helpful [20] [21] [22] as the frequencies for ideal ͑epitaxially stabilized͒ FeSi 2 should be very similar. So we expect the main IR modes involving counterphase motion of Fe and Si atoms to be positioned around 300-350 cm
Ϫ1
, probably as a multiplet originated by the zone folding from fluorite to orthorhombic. The Raman mode originated by the fluorite structure ͑only Fe moving͒ should be found around 250-270 cm
. These peaks are clearly visible and outstanding in the IR spectra ͓Figs. 4͑c͒ and 5͑c͔͒ and the Raman spectra ͑Fig. 6͒, independently of any anisotropy effect.
In Fig. 7 we show the experimental absorption coefficient for the electric field polarized along x, y, and z directions ͑dotted lines͒, as compared to the simulated spectra. We note that the agreement is rather good, especially between 350 and 400 cm
, and that the trends in peak intensity and position in passing from one polarization to the other are nicely reproduced. In fact, we confirm that the spectra along x, y, and z directions are pretty different, even for what concerns the two latter cases, which were supposed to be very similar. By considering the x direction more in detail, we note that the main doublet inbetween 300 and 350 cm Ϫ1 and the small structure just below 400 cm Ϫ1 originated from Fe and Si motion, essentially the zone center and the two folded modes ͑at higher and lower frequencies͒ of the higher optical branch in fluorite. Beyond 400 cm
, outside the frequency range for the fluorite structure, we have the experimental broad peak, which corresponds to a doublet in the simulated spectra, probably as an artifact of the double simulation cell, which does not display a perfect D 2h 18 symmetry. It turns out to originate from a displacement pattern involving Si atoms only, presumably related to the peculiar distorted structure occurring in the ␤ phase. At very low frequencies we find a sharp experimental peak at about 260-270 cm
. It is sizably underestimated in the simulated spectra probably because it involves counterphase motion of Fe atoms only ͓IR activation of a folded lower ͑Raman͒ branch in fluorite͔, which means that part of the restoring forces involving thirdneighboring Fe-Fe is absent, falling outside our cutoff radius.
By moving to the other two polarizations, the interpretation of the spectral features and the quality of the agreement between experimental and simulated spectra still remain, but the peaks are shifted and change intensity, even in passing from y to z. Therefore the anisotropy is also present between b and c, the two short sides of the orthorhombic cell, which are very similar in size. In fact, from Fig. 1 we note that the arrangement of the atomic positions along these two directions is not the same.
In Fig. 8 we report our calculated Raman components xx, yy, and zz. Here comparison to the experimental spectra is less meaningful due to the approximations in the polarizability tensor affecting the relative intensities from one side and the lack of polarization for the scattered light from the other. ͑A further complication could be ascribed to the grazing-angle geometry used in the measurements, which introduces in the polarization of incident light a component perpendicular to the surface.͒ Still, we note that both theory and experiments indicate a sizable lowering of the main Raman feature at about 250 cm Ϫ1 in passing from zz to yy: a further indication that these two directions are far from being isotropic. In addition to the experimental information, the simulated spectra show that the xx polarization should display a large predominance of the main Raman feature on the other structures. As mentioned before, the structure at about 300 cm
, occurring in a spectrum taken on the needle, could be related to the a axis and finds a correspondence in the calculated xx spectrum. This assignment seems to be confirmed by Raman measurements on oriented epitaxial films. For what concerns the highest frequencies, it is worth noting that the simulated spectra do not show any feature beyond 350 cm
; therefore, the experimental peaks weakly occurring at about 400 cm Ϫ1 are more likely to originate from two-phonon processes involving the multiplet at about 200 cm Ϫ1 ͑a relatively strong feature both in simulated and experimental zz spectra͒.
In Fig. 9 we report the reflectance, absorbance, and Raman spectra of a 7500-Å FeSi 2 film obtained by molecular beam epitaxy deposition on Si͑001͒, as taken from Ref. 11 . The sample was characterized in situ by transmission electron microscopy ͑TEM͒ and electron diffraction. It grew with the ͑100͒ plane parallel to the silicon surface, i.e., with the long a axis perpendicular to the surface. Therefore, due to the spread of domain orientation in the film and the nonpolarized light used in the experiment, the film absorbance should display both contributions from y and z. Actually, by comparison to the polarization, a small contribution of the x component can be identified. In particular, the peak at 314 cm Ϫ1 can be understood as a superposition of y and x contributions and the small shoulder at 260 cm Ϫ1 can originate from the x component. The other structures can be easily connected, apart from slight shifts, with the observed ones in E ʈ b and E ʈ c spectra. Therefore the IR analysis is able to characterize the epitaxial sample and to point out the probably minority existence of misoriented grains.
The Raman spectrum exhibits a worse resolution with respect to the single-crystal ones and a slight shift of the structures to higher frequencies ͑it could also be temperature induced͒. Here it is not possible to share the contributions from x and z polarization: still, it is clear from the intensity of the peak at 250 cm Ϫ1 and the one at 200 cm Ϫ1 that one or both of them should be present at a relevant percentage.
In conclusion, anisotropy effects can be clearly observed in the vibrational spectra of ␤-FeSi 2 to a much larger extent than the electronic spectra, as due to the enhanced sensitivity of the infrared and Raman features to the local structural distortions. The resolution in peaks shifts and the accuracy in their intensity allow an efficient characterization of the epitaxial samples and disclose the possibility of a more accurate analysis of strain effects depending on the growth conditions.
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